INTRODUCTION
MicroRNAs (miRNAs) were first identified in the nematode C. elegans as key regulators of developmental transitions, and since their discovery have been identified in species ranging from plants to humans (1) (2) (3) . These short non-coding RNAs are initially transcribed as long primary transcripts (pri-miRNAs) varying in size from hundreds to thousands of nucleotides. They are then cleaved by the RNase III enzyme Drosha to ∼70-100nt stem-loop precursor miRNAs (pre-miRNAs), which are exported to the cytoplasm by Exportin 5 (3). Finally, pre-miRNAs are processed by a second RNase III enzyme, Dicer, to a duplex of 21-22nt, which is incorporated into the RNA-induced silencing complex (RISC) ( Fig. 1; (3) ). MiRNA complementary sites are generally located in the 3'UTR of mRNA, with the 3' end of the sites (the 'seed region') thought to be the most important in determining target specificity (4) . Upon miRNA binding, mRNAs are then localized to the processing bodies (P-bodies), where they are either deadenylated and degraded or translationally inhibited (5) . The extent of complementarity between miRNAs and their targets may influence whether transcripts are degraded (3) .
MiRNA expression has been detected at various levels in a number of cell types, and miRNAs are particularly abundant in the nervous system, where they have been shown to be key regulators during development as well as in mature neurons (6, 7) . A particularly interesting area of research is the role of miRNAs in the development and function of synapses, the structures that mediate communication between nerve cells. Both precursor and mature miRNAs have been identified in synaptic fractions of the mouse brain (8) , and a number of recent studies have implicated miRNAs or proteins known to be required for miRNA processing, such as Dicer, in synapse formation or activity. In this review, we will describe the advances stemming from these studies, and propose how they might contribute to a revised molecular model of memory formation and storage.
MiRNAs and mRNA localization
As stated above, miRNAs are first cleaved to pri-miRNAs in the nucleus by Drosha, and then exported to the cytoplasm for further processing by Dicer and incorporation into the RISC complex. It is becoming increasingly clear that the cellular compartment(s) where pre-miRNAs are processed to their mature form could have important consequences for gene regulation. In large part, mRNAs do not freely diffuse throughout the cell, but are instead targeted to specific locations by ribonucleoprotein (RNP) complexes that are often part of larger RNA transport granules (for an excellent recent review of mRNA localization, see (9) ). As a consequence, miRNA-mediated regulation must not only depend on its sequence complementarity with target mRNAs, but also on whether they are localized to the same cellular space at the same time. If mature miRNAs are present in the cell body, for instance, they are likely to regulate a distinct (and likely larger) pool of transcripts than if they were found at an individual synapse. Moreover, since miRNAs often function combinatorially like transcription factors, the range of mature miRNAs in a particular site could affect which transcripts are targeted and to what degree they are down-regulated (10) .
Multiple mechanisms likely control whether specific mRNAs and miRNAs are co-localized within a neuron. Not only could mature miRNAs bind to mRNAs prior to their recognition by RNA binding proteins (RBPs) for transport. Since both miRNAs and RBPs are known to recognize mRNA transcripts primarily through cis-localization elements in their 3'UTRs, it is also conceivable that the binding of a miRNA/ RISC complex to one site could sterically hinder the recognition of a neighboring regulatory site by RBPs, leading to the retention of both the mRNA and mature miRNA in a particular cellular compartment. Alternatively, cis-acting localization tags could be present in either pre-miRNA or mature miRNA sequences, and lead to independent transport of miRNAs to synapses. The possibility that pre-miRNAs could be cleaved at the synapse to form mature miRNAs is supported by the finding that miRNA processing machinery is not localized exclusively to the soma. Immunostaining has revealed that both Dicer and the Argonaute protein eiF2c, a core RISC component, are found in dendritic spines (11) , the location of the majority of excitatory synapses in the mature mammalian nervous system (reviewed in (12)). Moreover, Dicer and Argonaute appear to be enriched in post-synaptic densities (PSDs), the thick and electron-dense regions of the post-synaptic membrane (11) .
MiRNA processing and the fragile x mental retardation protein
In addition to targeting transcripts to specific regions, including synapses, RBPs also regulate translation of bound mRNAs both during and after transport (reviewed in (13) and (14)). Given the importance of miRNAs in post-transcriptional regulation, an attractive model is that miRNAs function together with RBPs to control the local translation of synaptic RNAs. Indeed, recent studies of the fragile X mental retardation protein (FMRP), which is known to bind RNA lend support to the possibility that local translational inhibition is coordinated by miRNA processing machinery and RBPs.
Fragile X syndrome (FXS), the most common heritable cause of mental retardation, appears to be primarily caused by transcriptional silencing of the FMR1 gene (15, 16) . This gene encodes FMRP, which negatively regulates dendritic protein synthesis. Ultimately, the release of FMRP-mediated translational inhibition in FXS is thought to interfere with the normal morphological changes required for memory formation, and while the cognitive deficits observed in FXS patients range in severity, individuals with this disorder generally display deficits in working memory (15) . Several recent studies have linked FMRP function to miRNAs. The Drosophila homolog of FMRP (dFMR1/dFXR) was shown to associate with RISC (17) and to interact with Dicer and the miR-2b miRNA in S2 cells (16, 17) and in vivo, the activity of dFMR1 during growth of larval synapses is controlled at least in part by the RISC protein Argonaute 1 (18) . Moreover, in a study of olfactory classical conditioning in Drosophila, protein synthesis-dependent long-term memory (LTM) required the presence of FMRP and its interaction with Argonaute 1, while excess protein synthesis led to memory defects (19) . These results suggest that FMRP and miRNAs likely function together to inhibit translation in dendrites. One attractive model is that miRNAs help to identify the proper mRNA transcripts for suppression by FMRP (18) . However, few miRNAs that associate with FMRP have been identified, and a complete molecular understanding of how FMRP/Argonaute 1-mediated translational inhibition differs from previous models of FMRP regulation has yet to be elucidated.
MiRNAs and synapse development and function
Although a number of miRNAs have been shown to be important in neuronal development and differentiation (6, 7), little is known about the ways in which miRNAs might direct synapse initiation or maturation. In 2008, evidence emerged that let-7, one of the first miRNAs to be discovered (1), may also play a role in development of Drosophila neuromuscular junctions (NMJs), an important model system for synapse studies (20, 21) . In the absence of let-7 as well as the lin-4 homolog miR-125, abdominal NMJ maturation is abnormal, and this can be explained by a failure to down-regulate the abrupt (ab) gene in muscle cells (21) . When let-7 and miR-125 single mutants were compared, miR-125 mutants possessed normal NMJs while let-7 mutants continued to display striking defects in NMJ structure, demonstrating that let-7 is responsible for this phenotype (20) . Interestingly, members of the murine let-7 family are expressed in neurons and muscles (22, 23) , leading to the possibility that they might play a conserved role in synapse development in mammals.
Notably, a second miRNA, miR-1, has been identified for its role after development in maintaining homeostasis in a C. elegans neuromuscular junction (24) . In wild-type animals, body wall muscles contract upon binding of acetylcholine (ACh) to nicotinic acetylcholine receptors (nAChRs) at neuromuscular junctions. miR-1 is capable of modulating the muscles' re-http://bmbreports.org BMB reports Fig. 2 . Long-term memory formation consists of several sequential steps. Following depolarization of the presynaptic neuron, vesicles containing the glutamate neurotransmitter fuse with the presynaptic membrane and glutamate is released (steps 1 and 2). Binding of glutamate to the non-NMDA receptor opens the receptor channel, leading to postsynaptic Na + influx and membrane depolarization (step 3). Depolarization results in removal of an Mg 2+ block in the NMDA receptors, permitting Ca 2+ entry into the cell (step 4), CaMKII activation, and ultimately protein synthesis (step 5). sponsiveness to Ach by targeting two nAChR receptor subunits, unc-29 and unc-63. miR-1 also targets MEF-2, a transcription factor found in C. elegans muscle that modulates RAB-3-dependent ACh secretion through an unknown retrograde signaling mechanism. Ultimately, the authors propose that miR-1 provides a rapid means for altering ACh sensitivity and release in order to maintain balanced synaptic function. In future studies, it will be interesting not only to determine how miR-1 senses changes in ACh responses and transduces the signal to unc-29 and unc-63, but also to identify how MEF-2 signals to the presynaptic neuron to restrict ACh release through RAB-3.
Within the central neuron, the shape, size and number of postsynaptic structures must also be tightly regulated during development and throughout the life of a neuron. miR-134 is a brain-specific miRNA found near synapses in mammalian dendrites that controls dendritic spine size. Schratt et al. showed that over-expression of miR-134 leads to decreased spine width and volume due to the down-regulation of the Lim-domain-containing protein kinase 1 (Limk1), and that BDNF stimulation leads to a release in inhibition by miR-134 and enhanced Limk1 translation (25) . The authors suggest that miR-134 might be important for restricting Limk1 translation during its transport to synapses. Surprisingly, miR-134 associates with polysome fractions following BDNF treatment, suggesting that miR-134 continues to bind Limk1 during protein synthesis (25) .
In addition to its effects on miR-134 regulation, BDNF has also been shown to trigger the activation of miR-132 transcription by the calcium response element binding protein (CREB), a transcription factor that controls many cellular a variety of adaptive responses in the nervous system (26) . miR-132 is required to inhibit translation of P250GAP, a known Rho family GTPase-activating protein, and induce dendritic growth. It is likely that miR-132 targets P250GAP directly, since transfection of a mutant form of P250GAP containing a modified miR-132 target site leads to a decrease in activity-dependent dendritic morphogenesis. The finding that activity leads to the inhibition of one miRNA and activation of another suggests that regulation of RISC and other proteins necessary for miRNA biogenesis and function might be influenced by the specific RNAs to which they are bound. This would allow for the differential expression of distinct populations of miRNA targets prior to and during neuronal stimulation.
Taken together, these studies of Drosophila, C. elegans, and mammalian synapses have illustrated several essential roles that miRNAs play in synapse structure and function. In the future, it will be interesting to characterize functions of many of the other miRNAs known to be expressed in muscles or the nervous system. These studies will require overcoming known obstacles in miRNA research, including the presence of multiple copies or related families of miRNA genes as well as the absence of marked phenotypes -or the presence of lethalityin genetic mutants (4) . Moreover, they may mandate identifying mutants for genes known to interact with miRNAs. Several of the studies described in this review (19, 26, 27) have inhibited suspected miRNA targets utilizing a method of gene knockdown termed RNA interference (RNAi), which also relies on RISC for function (28, 29) . Potentially oversaturating RNA silencing pathways through RNAi could result in phenotypes that are difficult to interpret or that confound further analysis, as was observed in (30) .
MiRNAs and the molecular model of memory
It has long been recognized that new protein synthesis is required for formation of long-term memories (LTMs) (31) . Fig. 2 shows a simplified view of the current molecular model of memory, a process reviewed thoroughly by Hernandez and Abel (32) . In brief, the long-term strengthening of the synaptic connections between cells which underlies LTM formation, also known as long-term potentiation (LTP), stems from the transduction of electrical stimulation at the postsynaptic membrane into chemical signals, including a rise in intracellular calcium levels and the activation of Ca 2+ /calmodulin-dependent protein kinase II (CaMKII). These cellular changes ultimately lead to enhanced gene transcription and translation, including synaptic protein synthesis.
One of the factors known to be involved in local translational control at synapses is cytoplasmic polyadenylation element binding protein (CPEB), which binds to CPE elements in 3'UTRs of target mRNAs and regulates polyadenylation. When CPEB is phosphorylated during neuronal activity, the cleavage and polyadenylation specificity factor (CPSF) is recruited to the target mRNA and translational inhibition is released (33) . Strikingly, deletion of CPEB or removal of its phosphorylation site results in disruption of local translational control and defects in memory formation and/or synaptic changes associated with LTP. For a more detailed discussion of CPEB regulation as well as other known local translational control mechanisms, see (34) .
Interestingly, the 3'UTR of CaMKII contains binding sites for CPEB, CPSF, and miRNAs in close proximity (35) , introducing the possibility that CPEB phosphorylation and release of miRNA inhibition could function redundantly to ensure CaMKII up-regulation following neuronal stimulation. Findings from a 2006 study in Drosophila are consistent with this hypothesis. The authors observed that upon activity, miRNA processing was impaired through the selective degradation of the RBP and RISC component Armitage, leading to enhanced synaptic targeting and translation of CaMKII (36) . Moreover, Schratt et al. showed that Limk1 repression by an individual miRNA, miR-134, was also abrogated upon activation of rat synaptoneurosomes by BDNF (25) . However, data also suggest that miRNA processing and regulation may not always be inhibited during LTP. miR-132 transcription is increased following BDNF treatment (26) , and Lugli et al. described evidence that a rise in intracellular Ca 2+ upon postsynaptic stimulation activates the calpain protease, which in turn leads to release of activated Dicer and eIF2c, a known RISC component, from the PSD (11) .
If miRNA processing machinery can be degraded in some cases and activated in others, the overlapping miRNA, CPEB, and CPF sites in the CaMKII 3'UTR could provide a means of independently regulating CaMKII with respect to other CPE-containing mRNAs. To investigate this possibility, it will not only be important to validate the physiological relevance of these cis-regulatory elements, but also to further dissect local changes in the translation of individual mRNAs both during and after activity. With the identification of additional synaptic miRNAs and their targets, it will be possible to determine whether they function together with CPEB or play an opposing role during memory formation.
While performing these experiments, it will be important to distinguish whether phenotypes in Dicer and known RISC components are due exclusively to their roles in miRNA biogenesis, or whether the proteins might also regulate independent processes during synaptic plasticity. A recent study by Berdnik et al. lends support to the latter possibility. Through a forward genetic screen in Drosophila, the authors observed that both pasha and Dicer-1 were required for normal olfactory projection neuron morphogenesis (37) . Interestingly, mutations in the core RISC components AGO-1 and AGO-2 did not lead to detectable defects. While this could have been due to the persistence of protein from parental cells or the possibility that the AGO1 allele was hypomorphic rather than a true null, an alternative explanation is that pasha and Dicer-1 play pivotal roles in neural development that are unrelated to RISC function.
CONCLUSIONS
In this review, we have presented pioneering work that reveals a new role for miRNAs in synaptic development and function.
These studies not only demonstrate that miRNA-mediated inhibition is important for maintaining homeostasis at the neuromuscular junction, but they also show that release of this inhibition can be an important part of synaptic plasticity in the central nervous system. Protein synthesis has long been identified as essential for the formation of long-term memories, and it is therefore exciting, but not entirely surprising, that miRNAs are involved in this process. This is a field that has developed quickly, and with the identification of numerous brain-specific miRNAs in recent years (23) , it promises to continue to yield exciting discoveries in the near future.
